We describe a rapid tissue donation program for individuals with multiple sclerosis (MS) that requires scientists and technicians to be on-call 24/7, 365 days a year. Participants consent to donate their brain and spinal cord. Most patients were followed by neurologists at the Cleveland Clinic Mellen Center for MS Treatment and Research. Their clinical courses and neurological disabilities are well-characterized. Soon after death, the body is transported to the MS Imaging Center, where the brain is scanned in situ by 3 T magnetic resonance imaging (MRI). The body is then transferred to the autopsy room, where the brain and spinal cord are removed. The brain is divided into two hemispheres. One hemisphere is immediately placed in a slicing box and alternate 1 cm-thick slices are either fixed in 4% paraformaldehyde for two days or rapidly frozen in dry ice and 2-methylbutane. The short-fixed brain slices are stored in a cryopreservation solution and used for histological analyses and immunocytochemical detection of sensitive antigens. Frozen slices are stored at -80 °C and used for molecular, immunocytochemical, and in situ hybridization/RNA scope studies. The other hemisphere is placed in 4% paraformaldehyde for several months, placed in the slicing box, re-scanned in the 3 T magnetic resonance (MR) scanner and sliced into centimeter-thick slices. Postmortem in situ MR images (MRIs) are coregistered with 1 cm-thick brain slices to facilitate MRI-pathology correlations. All brain slices are photographed and brain white-matter lesions are identified. The spinal cord is cut into 2 cm segments. Alternate segments are fixed in 4% paraformaldehyde or rapidly frozen. The rapid procurement of postmortem MS tissues allows pathological and molecular analyses of MS brains and spinal cords and pathological correlations of brain MRI abnormalities. The quality of these rapidly-processed postmortem tissues (usually within 6 h of death) is of great value to MS research and has resulted in many high-impact discoveries.
Introduction
One of the best ways to study a disease is to examine the diseased tissue itself. This presents challenges to those who study diseases of the central nervous system (CNS). Biopsies of diseased brain and spinal cord are extremely rare and usually involve atypical cases. Autopsy rates for individuals with CNS diseases have decreased dramatically in recent years, and when performed, they often do not provide rapid procurement of tissues. These challenges have resulted in the establishment of disease-centered brain banks, including several focused on collecting tissues from individuals with multiple sclerosis (MS). MS is an inflammatory-mediated disease of the CNS that destroys myelin, oligodendrocytes (myelin forming cells), neurons, and axons. The majority of MS patients have a bi-phasic disease course that starts with bouts of neurological disability with variable recovery that eventually evolves into a gradually-progressive disease that is likely neurodegenerative in nature 1 . For the majority of donated MS brains, postmortem intervals (PMI) between death and tissue processing exceed 24 h. While these tissues have provided valuable information regarding pathological changes in MS brains, they are not suited for more advanced molecular studies that can provide powerful insights into disease pathophysiology. This is particularly the case for gene profiling studies, which require intact RNA.
To overcome the limitations discussed above, we have developed a rapid tissue donation program that allows for MRI/pathological correlations. This protocol provides well-preserved tissues suitable for modern molecular studies and allows direct comparison of brain pathology and MRI abnormalities in MS brains. The Cleveland Clinic Multiple Sclerosis Tissue Donation Program has been in existence for over 20 years. This rapid tissue donation program procures brains and spinal cords from individuals with MS and other associated autoimmune neurological conditions. The program aims to obtain in situ MRIs within 6 h of death, followed by removal of brain and spinal cord for tissue processing.
Pathology
NOTE: Short-fixed slices of the right hemisphere as well as the long-fixed left hemisphere (placed in 4% PFA for several months) are either cut into 30 µm sections (referred to as free-floating) or embedded in paraffin and cut as 12-14 µm sections (referred to as paraffin-embedded). These sections are processed usually with proteolipid protein (PLP) for detecting demyelinating lesions and major histocompatibility complex II (MHC-II) for immune activity using the diaminobenzidine (DAB) method. These protocols have been standardized and used in several publications 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 .
1. Free-Floating (30 µm) DAB-Avidin-Biotin Complex (ABC) Tissue Staining 1. Remove sections from cryostorage solution, transfer sections to a six-well plate, and wash them 3x for 5 min each in 2 mL of 1x phosphate buffered saline pH 7.0 (PBS). When transferring to the next well in the six-well plate use care not to tear the tissue. During each wash and incubation step, place the six-well plate on a shaker and allow tissue to gently shake. NOTE: Tissue sections incubated in smaller volumes and in larger plates (i.e., 12-and 24-well plates) tend to exhibit surface and edge tearing. 2. Perform antigen retrieval by microwaving sections in a glass beaker containing roughly 30 mL of 10 mM citrate buffer (pH 6.0). Ensure tissues are not folded by manipulating with a paintbrush and microwave sections for 2-3 min or until citrate buffer comes begins to boil. Allow sections to cool to room temperature (~20 min). 3. Transfer sections back to a six-well plate and wash sections 3x for 5 min each in 2 mL of PBS/0.3% Triton X-100. Block endogenous peroxidases by incubating sections in 2 mL of 3% H 2 O 2 /0.3% Triton X-100/PBS for 30 min at room temperature (RT). 4. Wash sections 3x for 5 min each in 2 mL of PBS/0.3% Triton X-100. Block sections in 2 mL of 3% normal goat serum/0.3% Triton X-100/1x PBS for 1 h at RT. 5. Incubate sections overnight to 5 days (depending on the antibody) in primary antibodies directed against microglia and myelin epitopes to detect inflammation (MHCII) and demyelination (PLP) (see the 14. Wash sections (3x 5min) in 1x PBS. 15 . Dehydrate tissue in a graded series of ethanol 50% (1x 5min), 70% (1x 5min), 95% (2x 5min), 100% (2x 5 min), and 100% xylene (1x 5min).
Allow xylenes to evaporate. 16. Mount sections with toluene-based rapid dry mounting media. Formulations that contain anti-oxidants are recommended to prevent stain bleaching. Remove excess mounting media from slide edges with a razor for subsequent storage.
MRI/Pathology Correlations
NOTE: For correlating MRI with pathology, we first perform ex vivo MRI of the long-fixed intact brain hemisphere (step 2.9 above) in an adjustable box with MRI-visible markers indicating slicing slots. We then slice the brain and photograph the 1 cm slices to enable co-registration of in situ MRIs to the individual brain slices. We can then perform MRI-guided analyses, where regions of interest (ROIs) are identified on MRI to direct tissue analysis. We can also perform histopathology-guided analyses, where ROIs are identified on tissue (e.g., white matter lesions, white matter without demyelination, etc.) and then characterized by the co-localized MRI measures ( Table 1 ).
Identification of MRI-based ROIs NOTE:
In previous studies, we have identified ROIs in white matter 11, 12, 13, 14, 15 and gray matter 16, 17, 18 . The example below is for white-matter analysis.
1. Segment T2 hyperintense lesions on in situ MRIs (from step 1.1), initially processed by an automatic algorithm, and then corrected manually by experienced users. 2. Segment T1 hypointense lesions within T2 lesions as voxels with a signal intensity less than or equal to 80% of the signal intensity of the surrounding normal-appearing brain tissue. 3. Segment hypointense areas in magnetization transfer ratio (MTR) maps with an 80% threshold. 4. Create three classifications using the above segmentations: (a) T2-only lesions which are abnormal on T2-weighted/FLAIR scans but normal on T1-weighted or MTR scans, (b) T2T1MTR lesions, which are abnormal on all T2-weighted/FLAIR, T1-weighted, and MTR scans; and (c) normal-appearing white matter (NAWM), which are normal on all T2-weighted/FLAIR, T1-weighted, and MTR scans. NOTE: Our selection of slices is based on the existence of all three regions-of-interest types (T2-only, T2T1MTR, and NAWM) on the same slices. 5. Calculate normalized intensities for each ROI to minimize variability arising from different brains and different brain locations. 2. Co-register the brain-extracted in situ and post-fixation MRIs through a series of linear registration processes up to 12 degreesof-freedom (affine registration) using FSL FLIRT 22 . The scaling and shearing components account for the effect of fixation shrinkage. 3. Find the slicing plane's normal direction by minimizing the sum of maximum projected intensities using the segmented markers.
These re-orientation angles are incorporated in the transformation matrix obtained from the previous step. 4. Visually match MRI images to photographs of fixed posterior brain slices using an in-house image viewer that allows for changing the depth and orientation of the normal vectors. Small modifications are needed because the brain slicing is imperfect. 5. Apply AFFINE image transformation 13 for each slice to transform the in situ MRIs to the same slicing locations as the photographs of the brain slices.
Representative Results
As mentioned above, almost half of the cerebral hemisphere is frozen and available for molecular studies using DNA, RNA, or protein.
Historically, studies using postmortem brain tissues have been shown to be affected by pre-mortem conditions, age, sex, tissue pH, mRNA integrity (RIN), postmortem interval (PMI), diagnostic certainty, comorbidsubstance use, and prior medication treatment status 23 . Based on studies using brain tissues, DNA and protein appears to be affected by lesser extent as compared to RNA. Based on our experience, RNA isolation and downstream analysis have, however, been found to be most affected by the pre-mortem conditions and postmortem interval of the brain tissue. We therefore discuss some of the conditions to be followed for conducting RNA based analysis using postmortem MS tissues.
For all our studies, after the brain is collected at autopsy, it is sliced (1 cm thick) and then either fixed in 4% paraformaldehyde for morphological studies or rapidly frozen for biochemical analysis. All tissue blocks are characterized for demyelination by immunostaining using PLP as described above. A representative analysis scheme is shown in Figure 1 . Tissue sections are examined for the presence of white-matter lesions ( Figure 1A) . Selected regions are stained for immune activity ( Figure 1B) and demyelination ( Figure 1C) . The frozen tissue is mounted on the cryostat ( Figure 1D ) and frozen 30 µm sections are cut. This is followed by collection of 3-4 subsequent sections, separation from the adjoining tissues, and storage for DNA, RNA, or protein isolation. Using this protocol, we have successfully isolated DNA 24, 25 , RNA 5, 6, 7, 8, 9 as well as proteins 26 . While major findings from some of the studies analyzing RNA from MS brains are discussed, here are some of the issues related to analysis of RNA postmortem MS brains. . An initial scientific focus of this program was on the characterization of cellular components of demyelinated white-matter lesions. Among the antigens localized was non-phosphorylated neurofilaments (NFs). Most NFs are phosphorylated in myelinated axons. Upon demyelination, axons are dephosphorylated. We detected the expected expression of non-phosphorylated NFs in demyelinated axons. In acute MS lesions, many of these demyelinated axons ended as axonal retraction bulbs (Figure 2A) , which reflect the proximal ends of transected axons. Transected axons exceed 11,000 mm 3 in the acute lesions compared to adjacent normal regions 10 . These observations helped catalyze a paradigm shift in MS research that moved the field toward characterizing neurodegeneration as the major cause of permanent neurological disability in individuals with MS. Remyelination in chronic MS brains 3 . Remyelination can be robust during early stages of MS. Many chronic MS lesions, however, are not remyelinated. We investigated whether the presence of oligodendrocyte progenitor cells (OPCs) or the generation of new oligodendrocytes limits remyelination of chronically demyelinated white-matter lesions. While OPC density was often decreased, they were present in all chronicallydemyelinated lesions 3 . Newly-generated oligodendrocytes were also present in many chronic MS lesions. Oligodendrocyte processes associated with, but did not myelinate demyelinated axons (Figure 3) . These studies indicate that OPCs and their ability to produce new oligodendrocytes are not limiting remyelination of chronic white-matter lesions. We hypothesized that the chronically-demyelinated axons, which often appeared dystrophic, were not receptive to remyelination by newly-produced oligodendrocytes. Neurodegeneration independent of demyelination 11 . Historically, neurodegeneration in MS has been thought to result from demyelination. Brain imaging studies, however, have raised the possibility that neurodegeneration and demyelination can be independent events. We recently identified a subpopulation of MS patients that have demyelination of the spinal cord and cerebral cortex, but not of the cerebral white matter. We coined this MS subtype as myelocortical MS (MCMS). MCMS cases provided a platform to investigate the relationship between cerebral whitematter demyelination and cortical neuronal loss. Compared to control cortices, cortical neuronal loss was significantly greater in MCMS cortices than in typical MS cortices. Control brain tissue was obtained from the Pathology Department at the Cleveland Clinic. This study provides the first pathological evidence for neurodegeneration in the absence of demyelination. 
Discussion
We describe a protocol that has been used to rapidly procure and process tissue from over 150 individuals with MS. An important feature of this protocol is that the scientists that utilize the tissue are also in charge of establishing the protocol and performing the tissue collection. This provides flexibility in meeting the scientific needs of individual research projects. Several aspects of this protocol enhance its utility. The patients are usually well-characterized prior to death, as many of them have been followed by neurologists at our center. A critical step is the processing of tissue donations soon after death, which increases the quality of the frozen tissue compared to some other brain banks. This enables molecular studies that are of great value in describing changes in transcriptional and translational gene products, which are essential for substantiation of histological and immunocytochemical observations. Leveraging of morphological/immunocytochemical and molecular data across multiple cases enhances the reliability of conclusions. This is best illustrated by our description of mitochondrial gene changes in cerebral cortex and neuronal gene changes in demyelinated hippocampi. Novel gene profiling protocols are being developed at a rapid rate and the frozen tissue in our bank should provide high-quality RNA for tissue and single-cell analysis.
Another valued aspect of our protocol is the short-fixed brain slices. These tissues are cut into 30 µm-thick, free-floating sections. These sections are ideal for using confocal microscopy to analyze two or more antigens in three dimensions. Good examples include the interaction of premyelinating oligodendrocyte processes with dystrophic axons in chronic MS lesions, as well as the identification of single axonal connections to transected axonal retraction bulbs. This is in contrast to the routine use of 7 µm-thick paraffin sections, where 3D images are not feasible. Paraffin-embedded tissues have great value for some questions, especially the quantification of neuronal densities in hemispheric 7 µm-thick sections. Our tissue processing protocols, therefore, are diverse and provide flexibility to assure fixed and rapidly-frozen tissues.
Another unique feature of our protocol is the postmortem in situ brain MRI. Brain MRIs are an irreplaceable biomarker of MS disease. It is essential, therefore, to establish the pathological correlates of abnormal MRI signals. Our studies established that both T2 only and T2T1MTR ROIs are often myelinated. This finding supports the need for more specific imaging modalities that reliably distinguish between myelinated and demyelinated cerebral white matter. MRI appears to be sensitive for detection of myelin, but our studies demonstrate that even a combination of T1/T2/MTR is not specific for identifying myelination. Our postmortem protocol provides an ideal platform for testing the ability of new imaging modalities to distinguish between myelinated and demyelinated cerebral white matter. MRI also provides the ideal vehicle for translation of basic science results into clinical practice, given the use of MRI in our translational research and its widespread clinical use in living patients.
While cutting short-and long-fixed as well as frozen slices offers an advantage for processing tissue in multiple modes for different studies, there are some limitations with this method. Evaluating the entirety of a structure may be limited as portions of it may be processed differently on adjacent slices. The large volume of the tissue bank, however, offers the ability to investigate a structure of interest in multiple subjects to improve sampling. Another general limitation to studies utilizing postmortem tissues is that they are cross-sectional. Conclusions regarding timing and progression of changes need to be interpreted within this context. There may be a selection bias to patients that donate their tissues, which may limit generalization of data to all patients with MS. Since most donors die from complications of advanced MS, it may not be appropriate to extrapolate findings from these patients to those in earlier stages of MS. Nonetheless, we have received tissues from younger patients who died from non-MS-related conditions (i.e., acute myocardial infarction, drug overdose, suicide). The scope of our protocol does not include sampling of other organs (e.g., gastrointestinal and bone marrow) which have been implicated in MS. We believe that the strengths of the program greatly outweigh its limitations.
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